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NONLINEAR ANALYSIS OF A GRATING
FREE-ELECTRON LASER

I. Introduction

In a conventional free-electron laser (FEL) the radiation wavelength is given by
A = A, /292, where ), is the wiggler period and 4, = (1—v2/c?)~/? is the relativistic
mass factor associated with the axial electron velocity v,. Based on this formula the
operation of a conventional FEL in the IR region of the spectrum necessitates the
use of multi-MV electron beams. In practice, for voltages in excess of 1 MV the
accelerator and the attendant shielding represent a large fraction of the cost and
bulk of a FEL. Consequently, alternative sources of IR (and shorter wavelength)
radiation are under consideration in a number of laboratories. An example of this
is a free-electron source of radiation based on the Smith-Purcell mechanism.! In
this device an electron beam is made to pass in close proximity of the surface of
a metallic grating. Interaction of the electron beam with the slow-wave structure
of the grating leads to bunching of the beam and amplification of radiation.?~2°
Since only moderate energy (< few MeV') electron beams are required, the grating

FEL has the potential of developing into a truly compact, table-top source of IR

radiation.

At the Naval Research Laboratory a grating FEL experiment is underway whose
ultimate goal is the generation of high-power radiation in the near-IR windows in
the atmosphere. A key element of this experiment is the use of state-of-the-art,

high-brightness electron beams obtained from novel cathode materials and designs.

A schematic of the experimental set-up, also known as the orotron configuration?,

is shown in Fig. 1. A virtue of this configuration is that the electron beam may be
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made to interact with a spatial harmonic whose group velocity is nearly zero and
consequently the energy drained from the radiation field is reduced. This is illus-
trated in Fig. 2 which indicates schematically one of the infinite set of dispersion
curves for an open resonator formed by two reflecting surfaces, one of which is a

plane mirror and the other is a periodic slow-wave structure such as a grating.

In this paper we shall formulate a nonlinear model of a grating FEL with al-
lowance for electron beam emittance and gyromotion in a guide magnetic field. We
shall make use of the model to obtain design parameters for experiments aimed at
the generation of 100 um and of 10 um radiation using mildly relativistic (< 1/2
MV) electron beams. The nonlinear extraction efficiency is determined by means
of numerical simulation of the grating FEL. A principal objective of this paper is
to explore the nonlinear stage of the interaction. To elucidate the nature of the
saturation mechanism, we shall describe in detail the simulation results for the ex-
amples of an infinitely-thin beam, a finite-thickness beam with laminar flow and a
finite-thickness beam with full transverse motion. It is found that, for a thick beam,
electron gyration leads to an enhancement of the extraction efficiency as compared
to the case with laminar electron flow. Assuming that at saturation the electrons
are trapped in the slow-wave structure of the grating, we obtain analytical estimates

for the efficiency which are in close agreement with the the numerical results.

There are trade-offs in utilizing a mildly relativistic (< 1/2 MV') beam to gen-
erate radiation by a grating FEL. To point out some of these, an example of 10 um

radiation generated by a 5 MV beam is briefly discussed in the last section.




II. Nonlinear Formulation

In this section we shall derive a set of equations that describe the motion the
electrons in the electromagnetic field inside the open resonator and in the presence
of an axial magnetic guide field. The orientation of the coordinate axes is indicated
in Fig. 1, with the origin of coordinates chosen such that the grooves in the grating
lie in the region # < 0. Region I denotes the space above the grating surface and
bounded by the upper mirror and region II denotes the space in the grating slots,
i.e, ¢ < 0. It is assumed that the interaction of electrons with the z component of
the electric field is the dominant mechanism for amplification of the electromagnetic
field. Consequently, only TM modes will be considered herein. Thc dependence of

the fields on the y coordinate is assumed to be negligible.

A. Resonator Field

The z component of the resonator electric field can be written as
E.(z,z,t) = E,(z,z)exp(—iwt) + c.c., (1)

where w = 2mc/) is the frequency, A is the free-space wavelength and E,(z,z2)
represents the spatial variation of the field. In region I, E, is expressible as a sum

of all the even spatial harmonics representing TM;o, modes:

E.(z,z) = Epsinlk,(D — z)] + i E, cos(2nn z/d) sinh[k,(D — z)], (2)

n=1
where d is the grating period and D is the distance between the upper surface of

the grating and the upper mirror. In Eq. (1), Eo is the amplitude of the n = 0




(i.e., fundamental) spatial harmonic, with wavenumber k., and E,, is the amplitude
of the nth spatial harmonic, with wavenumber k,. The wavenumbers k, and k, will

be identified in the following.

In order to simplify the analysis it will be assumed herein that in region II the

field corresponds to that of a TEM standing wave in each slot:

sin[k.(z + b))

Ele) = o—g0tkpy )

where b is the depth of each groove. The assumption of a TEM mode in region II

is strictly valid for s < d, where s is the groove width.

In writing Eqs. (2) and (3) the fields have been expressed in such a way as to
automatically satisfy the boundary condition E, = 0 at the metallic boundaries,
i.e. at the bottom of each slot and at the surface of the upper mirror. The other
relevant components of the electromagnetic field (i.e., B, and E,) may be obtained

from Maxwell’s equations. It follows from the wave equation that k, = w/c and
ko = [(27n/d) — (/] ) (n=1,2,3,..).

From the continuity condition on E, one obtains

sin(nns/d) sin(k.D)
nmns/d sinh(k,D)’ (4)

En = 2Eo

and from the continuity condition on B, one obtains the dispersion relation

(5)

00 . 2
cot(k,D) = —g cot(kzb) +23_ % coth(k; D) [M} _
=1 {

wls/d




In the following it will be assumed that only the n = 1 spatial harmonic is
resonant with the electrons and therefore the only relevant component of the slow-
wave structure. That is, A/d ~ 1/8,, where 8, = v,/c is the ratio of the axial
electron velocity to the speed of light. All other spatial harmonics are assumed to

be nonresonant.

B. Trajectories, Beam Emittance and Energy Spread

The equations of motion of the jth electron, of charge —|e| and rest mass m, inter-

acting with the n = 1 spatial harmonic represented in Eq. (2) are given by

dv:

—;/;’ = 2mcB,j/d — w, (6)
dv; EB.; . .

D By (D - o) explivs) + e ™

where ¥; = 27z;/d — wt.

To analyze the motion of electrons in the z — y plane it will be assumed that the
motion in this plane is unaffected by the radiation field. The forces in the transverse
plane arise from the self-electric and the self-magnetic fields plus that due to the
axial guide magnetic field, By. For a strip beam the equations of motion of an

electron are

d’z _, dy

EF - Qb:c = —noa, (8)
d’y . dz
w = g ¥)

where o = |e|By/ymc is the relativistic gyrofrequency in the guide field, v =

(1 — v?/e?)"'2, Q4 = (47nyle|?/vy?m)!/? is the relativistic plasma frequency and




n, is the beam density. We assume herein that the electrons are emitted from the
surface of a field-free cathode with no velocity along the y axis. Therefore, setting
the canonical momentum equal to zero, i.e., P, = ym(dy/dt — floz) = 0, Eq. (8)
simplifies to

d’z

d_ti + sz = 0, (10)

where 22 = Q2 — Q2. To solve Eq. (10) we put??
(1) = EX(¢) explid(t) + 6], (1)

and substitute in to obtain equations for X(t) and ¢(t). It must be emphasized
that in Eq. (11) X and ¢ are the same for all the electrons and that 0 < ¢ < 1 and
0 < 0 < 27 are parameters that may be chosen to represent any desired distribution

of electrons. The equations for X and ¢ are

2X o\’ ..
X (z;) X = 0, (12)
XZ%%S = €V;. (13)

In Eq. (13) € is a constant that may be shown to equal the beam emittance as
follows. Examination of Eq. (11) reveals that the trajectories in the plane (z,dz/dt)
are clliptical, with a maximum area of mev,. This allows one to immediately identify
€ as the (unnormalized) emittance of the electron beam and Eq. (12) then takes

the form of the well-known envelope equation®?:

d’X 2. €02




For a matched electron beam X(t) = X, = constant and Eq. (14) may be solved to
obtain X, = (ev,/02)!/2. Making use of this, the motion in the z — y plane is found

to be given by

r = f(%) v cos(f2t + 6), (15)
y = e% (%ﬁ)m sin(Q21 + 6). (16)

It is convenient to relate the half-width of the electron beam, X, = (ev,/Q)'/?,
to the effective spread in the axial energy on the beam, < §v, > mc?, where <>
indicates an average over the electron distribution. To do this, we first note that
v} = v® — (v + v}), where v is the electron speed, v, = dz/dt, v, = dy/dt and
8. = B.7368., where 68, is the spread in B,. From the first of these relations it
follows that | < év, > | =< (vZ + v]) > /2v. Next, evaluating v, and v, with the

aid of Eqs. (15) and (16) one obtains

-3 () e (3)])

where it has been assumed that £ is uniformly distributed in the interval [0,1]. This

spread in energy will contribute to the inhomogeneous broadening of the radiation

from the electron beam.

Equations (6), (7), (15) and (16) form a closed system of equations for the
analysis of the electron dynamics of a grating FEL. They form the basis for the
numerical results presented in Sec. III. It is useful at this point to derive the

‘pendulum’ equation?! for the phase by neglecting the motion in the z — y plane.




Setting v, = 0, v, = 0 and ¥ = 7., Eqs. (6) and (7) can be combined into a single

equation for ;:

d*y; _ _”|9|E1
dt2 ~  ~3md

zj

sinh[k,(D — z;)] exp(i%;) + c.c. (18)

Equation (18) shows that the motion of an electron consists of synchrotron oscilla-
tions which, in the case of the grating FEL, take place in the potential well formed

by the electric field of the spatial harmonic.
C. Radiated Power in the Small-Signal Regime

The small-signal analysis of Eq. (18) proceeds by taking E; and <, as constants
and solving the equation iteratively, assuming that the right-hand side is a small
term. Since this analysis is standard we shall not repeat it here. From the small-
signal analysis of Eq. (18) the power radiated by an electron beam of thickness 2.X,

passing at a distance § above the grating is given by

draa _ w|Es[* L]A) ( L, ) [sinh(?klm cosh(2k, (D — X, — 6)] — 1| ¢(©),

dt 16 I, \B.. 2k, X,
(19)

where I = 1.7 x 10%, I[A] is the beam current in Ampéres, g(©) = d(sin©/0)?/d0O,

and

_(w 2w\ L,
ez(;_g)z, (20)

and L, is the interaction length along the z axis.




D. Start-Oscillation Condition and Gain of Grating FEL

In the configuration indicated in Fig. 1 a mirror is placed above the grating to form
an open resonator for the oscillator. If Q denotes the effective quality factor of the

resonator, the start-oscillation condition is expressed by

dgfﬂd = S'gf'ad) (21)

dt  Q

where £,q4, the total radiation energy stored in the optical cavity, is given by

(o) e ()]

where A is the cross-sectional area of the optical cavity. In writing Eq. (22) the

AD x. E?
gmd=—~—{E§+>:?"

4n g

contribution of the field energy in the grating slots has been omitted. According to
our earlier assumptions only the n = 1 spatial harmonic is excited by the electron
beam. Noting that kD > 1, with the aid of Eq. (4) we identify the first term in
Eq. (21) as the predominant contribution to the expression for £..q. Making use
of Eqs. (4), (18), (21) and (22) one obtains an estimate for the start-oscillation

current which is expressible in the form

AX (B.7.) [ 7s/d ]’ 2k, X,

Iy[A] ~ 800(—In R)TE sin’(k. D) [sin(ms/d)| sinh(2k; Xs)

exp[2ki(X, + 8)]. (23)

In writing Eq. (23) the maximum value of g(@), defined prior to Eq. (20), is taken
to be equal to 0.54. Additionally, the effective reflectivity R of the optical cavity
has been introduced by making use of the formula relating the reflectivity to the

cavity quality factor,® i.e., Q = wD/c(—1n R).




As illustrative examples, Tables 1 and 2 list sets of parameters for grating FELs
using a 100 kV electron beam to generate radiation at A\ = 100 pm and a 1/2
MYV electron beam to generate radiation at A = 10 pm. Several points should
be noted in copnection with these tables. First, the start-oscillation current is
determined from Eq. (23) by inserting the value of k_ obtained from a solution of
the dispersion relation in Eq. (5). Equation (5) generally has an infinite number
of roots corresponding to all the discrete modes in the open resonator. The entries
in Tables 1 and 2 indicate the lowest start-oscillation currents corresponding to the
roots of Eq. (5) that fulfil the resonance condition A\/d ~ 1 /B:. Second, the Q
value has been chosen so that the cavity fill-time is reasonably short compared to
the expected duration of the electron beam pulse. Third, the relative energy spread
is evaluated with the aid of Eq. (17). Fourth, The function 9(0), defined prior to
Eq. (20), is the well-known derivative of the spontaneous line shape, (sin ©/0)2.
The predominant region of gain is limited to the range 0 < © < x. Evaluation of
90 /06] at fixed v, (for homogeneous broadening) allows one to estimate the spread

in the wavelengths, §), of the emitted radiation. That is
A/X = (,(A/L,).

Fifth, the output power is given by nI,V, where 7 is the extraction efficiency and
V is the beam voltage. The extraction efficiency is obtained from the numerical

results presented in Sec. IIL Finally, the gain per pass, defined by

L, dE, q/dt
G = _‘___“Z__’
V. grad

is also indicated in Tables 1 and 2.

10




III. Extraction Efficiency : Numerical Simula-
tions and Analytical Estimates

The extraction efficiency 7, defined as the fraction of the electron beam kinetic
energy that is converted into electromagnetic radiation energy, is a key figure-of-
merit of any source of high-power radiation. An estimate for the extraction efficiency
is obtained by considering the maximum tolerable spread, év,, in the axial velocity
and the corresponding spread in the detuning, §@|, where O is defined in Eq. (20).
As usual, the requirement that |§0O| be less than 7 leads to an upper bound for the
extraction efficiency, which can be expressed in the form

(7:2 — 1)3/2. (24)

A
n—L, . —1

An estimate of the energy spread on the electron beam may be made by using
Eq. (17). The gain in Tables 1 and 2, which is based on the model of a cold,
monoenergetic beam, is achieved provided this relative energy spread is small com-
pared to the extraction efficiency indicated in Eq. (24). The numerical results to

be presented verify this assumption.

In this section we shall discuss the results for the efficiency obtained from a
numerical solution of Egs. (6), (7) and (15) for the electrons comprising the beam
and compare the results with analytical estimates. In subsection A a 100 kV’
beam is used to generate 100 um radiation and in subsection B a 1/2 MV beam
is employed to generate 10 um radiation. Each subsection is divided into two

parts. In i) we discuss the example of an infinitely-thin beam (i.e., X; — 0). The

11




example of a finite-thickness electron beam is, of course, more important since it
is closer to reality. Besides this, however, numerical simulations and analytical
calculations allow us to explore and gain a deeper understanding of the nonlinear
stage of the interaction. The beam with finite thickness is examined in ii), with
Case (a) presenting the results in the case of laminar flow and Case (b) presenting

the results in the case of the beam with full transverse electron motion.
A. Radiation wavelength A = 100 um

i) Infinitely-Thin Beam

Figure 3 (a) shows the efficiency of generation of 100 pm radiation as a func-
tion of the electric field amplitude of the fundamental spatial harmonic for a cold,
infinitely thin eleciron beam. The efficiency in this case has been optimized with
respect to the detuning © defined in Eq. (20) to obtain the maximum extraction.
For the idealized case of a monoenergetic, infinitely-thin beam, space-charge effects
are eliminated by using a very small beam current. Inserting the corresponding
numerical values, the efficiency according to Eq. (24) is 0.72%, which is to be

compared with the code result of 0.63% indicated in Fig. 3 (a).

Following Eq. (18) we have noted that the motion of the electrons in the ra-
diation field is in the form of synchrotron oscillations in the potential well formed
by the slow-wave corresponding to the n = 1 spatial harmonic. The saturation
mechanism in this process is similar to that in the conventional FEL. That is, the
maximum extraction efficiency is obtained when an electron loses all its initial ki-

netic energy in the potential well and, in the moving frame, its initial velocity is

12




reversed. The reversal in velocity is attained after a time ~ 7/(Q,,,,0, where Q2,0 is

the synchrotron frequency. From Eq. (18),

2r |e|E, | 12
Qcyno = {7 l,,nl'.ri: 81nh[k1(D - Xo)]} . (25)

In Eq. (25), Xo is the z coordinate of the beam centroid. In the examples where
the beam is taken to be infinitely-thin, X is, of course, the z coordinate of the

beam, i.e., the distance of the beam from the grating surface.

In optimizing the detuning © [defined in Eq. (20)] for an infinitely-thin beam we
are, in effect, choosing the frequency w such that the electrons at £ = X, undergo
~ 1/2 of a synchrotron oscillation in the interaction length L,. The discrepancy
between the value for the efficiency calculated from Eq. (24) and the peak value
in Fig. 3 (a) is a reflection of the fact that the electrons are somewhat smeared
in the potential well in which they are trapped. Since they do not oscillate in the
potential well as a ‘macroparticle’, we expect a reduction in the extraction efficiency
compared to the the upper bound given in Eq. (24). This is consistent with our

results.
i1) Finite-Thickness Beam

Case (a) Electron Beam with Laminar Flow

Figure 3 (b) shows the efficiency for a finite-thickness beam with the gyration
of the electrons artificially suppressed in the numerical code. This figure indicates
a peak efficiency of 0.36%, which is smaller than the value for the case of the

infinitely-thin beam shown in Fig. 3 (a).

13




For a thick beam the synchrotron frequency varies according to the z coordinate
of the electrons. Consequently the inner electrons experience a field that is larger
than the optimal value and they execute more than 1/2 of a synchrotron oscillation.
The outer electrons, on the other hand, experience a smaller field than the optimal
value and thus do not complete the 1/2-synchrotron motion necessary to completely
transfer their energy to the radiation field. It is simple to obtain an estimate of the
factor by which the extraction efficiency is reduced. The frequency 0,0 is greater

than the mean synchrotron frequency of electrons located at z > X, by

F+._._Q'£‘L’
< Qgym >

where

1/2
Qpm = {glr le| E; sinh(ky(D — z)]} , (26)

d my}
is the synchrotron frequency of electrons at a distance z from the grating surface,
Q.m0 is defined in Eq. (25) and <> indicates an average over the interval Xo <z <
2X,. The quantity F, may be viewed as the the amount by which the interaction
length L, in Eq. (24) is effectively increased, thus leading to a reduction in the
extraction from the electrons located at ¢ > X,. Similarly, for electrons with
z < X, the extraction is also reduced. For these electrons the mean synchrotron

frequency is greater than Q,,,0 by

< Qum >

F_=

’
Q syn0

where < 1,,, > is the average, over the interval 0 < z < X, of the synchrotron

frequency defined Eq. (26). Considering both groups of electrons together, the

14




extraction efficiency is expected to be reduced, relative to the infinitely-thin beam
case, by 1/F, where

F = %(F+ + F_).
Inserting the appropriate values, we find F = 1.8. This is fairly close to the value

of 0.63/0.36 = 1.7 for the ratio of the peak efficiencies in Figs. 3 (a) and 3 (b).

Case (b) Electron Beam with Full Transverse Motion

Figure 3 (c) shows the extraction efficiency for a warm, finite-thickness electron
beam (X, = 25 um). (See Table 1 for other parameters in this example.) The peak
efficiency indicated in Fig. 3 (c), n = 0.46%, is observed to be smaller than the
peak efficiency for the infinitely-thin beam example in Fig. 3 (a) but higher than
that for a thick beam with laminar flow. This is an important result which we shall

discuss further.

For a thick beam the synchrotron frequency varies according to t?e z coordinate
of the electrons. As a consequence of their gyromotion, however, the electrons rotate
about the beam axis and sample the transverse profile of the electric field as they
cross the interaction region. This tends to restore, to some extent, the extraction
to the value obtained in the case of an infinitely-thin beam. To assess the effect
of electron gyration on the extraction quantitatively, Eq. (15) may be substituted

into the pendulum equation, Eq. (18), to obtain

d*; — _ |e| E,
dt? 2vy3md

i I(k1€X,) [(—1)" exp(®) — exp(—P)) exp(i¥;) + c.c., (27)

r=-oc0

where & = k,(D — X,) + ir(2t + 6) and I, is the modified Bessel function of the

first kind of order 7. Equation (27) may be simplified by noting that the electrons

15




gyrate many times as they transit the interaction region; i.e., Q/Q,,.c > 1, where
{1 is the gyration frequency defined following Eq. (10) and §1,,,, is the synchrotron
frequency defined in Eq. (25). Assume that ¥; = ¥; + 6¢;, where ¥, is slowly
varying and 61; is small and rapidly varying. Upon inserting this into Eq. (27) and
averaging with respect to the rapid oscillations, we obtain

&y, _me| By
dt* = Tmd

Io(k € Xs) sinh[kl(p — Xo)]exp(i¥;) + O(E?) + c.c., (28)

where the I',; is the slowly-varying part of the relativistic factor. Equation (28)
shows that for an electron (with given ¢ > 0) the synchrotron frequency is not
identical to that for an electron located on the beam axis, i.e., the frequency given
by Eq. (25). Since I, > 1, the synchrotron frequency is effectively increased by
v Io. This implies that the electron undergoes more than 1/2 of a synchrotron os-
cillation in the interaction length, thus transferring less energy to the radiation and
reducing the overall extraction. For the beam as a whole, the extraction efficiency
is expected to be reduced by < I;/z(kleb) >~1, where <> indicates an average
over the random variable £. Inserting the appropriate numerical values we find
< I;/z(kleg,) >=1.24, which is close to the ratio of the peak efficiencies in Figs.

3 (a) and 3 (c), i.e., 0.63/0.46 = 1.37.
B. Radiation wavelength A = 10 um

i) Infinitely-Thin Beam

Next we examine an example of 10 um radiation generated by a 1/2 AM1” electron

beam. Table 2 shows the parameters for this example. Again, for comparison

16




purposes it is useful to know the extraction efficiency for the case of the infinitely
thin beam. The peak extraction efficiency in this case is 0.11%, as indicated in Fig.

4 (a), which is to be compared to the value of 0.13% as determined from Eq. (24).
ii) Finite-Thickness Beam

Case (a) Electron Beam with Laminar Flow

Figure 4 (b) shows the extraction efficiency for the case of a finite-thickness
beam with the gyration of the electrons artificially eliminated. The peak efficiency
is observed to be 0.068%. In this case, FF = 1.6, which is in good agreement with

the ratio of the peak efficiencies in Figs. 4 (a) and 4 (b), namely, 0.11/0.068 = 1.6.

Case (b) Electron Beam with Full Transverse Motion

Finally, in Fig. 4 (c) we show that the extraction efficiency for the case of the
finite-thickness beam with full transverse motion is 0.093%. Inserting the appropri-
ate numerical values, we find < Icl,/z(kleb) >= 1.14, which is in close agreement

with the ratio of the peak efficiencies in Figs. 4 (a) and 4 (c), i.e.,0.11/0.093 = 1.18.
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IV. Discussion and Concluding Remarks

The grating FEL has the potential of developing into a truly compact, table-top free-
electron source of IR radiation. In this paper we have presented a preliminary study
of a possible set of design parameters for a source utilizing a 100 kV electron beam
to generate 100 um radiation and one utilizing a 1/2 MV beam to generate 10 um
radiation. The design parameters have been obtained from a small-signal analysis
of the pendulum equation. This equation describes the synchrotron oscillations of

electrons in the slow-wave structure associated with the grating.

In this paper we emphasize the use of mildly relativistic (< 1/2 AMV') beams,
primarily to avoid the bulk and expense associated with multi-MV beams. This
entails certain trade-offs that point to the wide latitude available in designing a
grating FEL. To illustrate this, Table 3 presents an example of a 5 MV beam
employed to generate 10 um radiation. The start-oscillation current in this case is
kept reasonably low by using a long-thin grating and assuming a somewhat higher
effective reflectivity. Compared to the design parameters in Table 2, the 5 MV
system is characterized with higher output power and gain, the strength of the guide
magnetic field is relatively modest and an electron beam with a larger relative energy
spread can be accommodated. As far as the nonlinear saturation is concerned, the
5 MV beam illustrates an interesting point. Although the beam is 5 wavelengths
thick, the extraction efficiency is nearly equal to that for an infinitely-thin beam.

This result is in quantitative agreement with the analysis presented in Sec. IIIL
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The nonlinear evolution of the grating FEL has been analyzed with the aid of
a particle simulation code. This code follows the motion of electrons through given
fields and allows an accurate estimation of the nonlinear extraction efficiency to
be made. We have made use of a novel method of following the transverse motion
of the electrons in the presence of an axial guide magnetic field and the self-fields
which naturally incorporates the effects associated with the finite emittance of the

electron beam.

We have studied the extraction efficiency of the grating FEL in detail for three
examples. The example of the infinitely-thin beam is found to have the highest
extraction and the example of a thick beam with laminar flow is found to have the
smallest extraction. We have found the remarkable result that for a thick beam,
gyration of the the electrons about the beam axis leads to an enhancement of the
extraction efficiency as compared to the case with laminar flow. This is due to the
fact that electron gyration tends to effectively reduce the variation of the slow-wave

electric field normal to the grating surface.
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Table 1: Design parameters for a grating FEL Oscillator operating at 100 um using a

100 kV electron beam.

Wavelength A 100 um
Voltage V 100 kV
Current I, 125 mA
Output Power 57.5 w
Gain/Pass G 4 %
Extraction Efficiency 7 0.46 %
Interaction Length L, 2 cm
Guide Magnetic Field B, 3 T
Beam Thickness o, = 2X, 50 pm
Beam-Grating Gap § 0 um
Grating Period d 55 pm
Groove Widtn s 27.5 um
Groove Depth b 27.5 pm
Grating-Mirror Separation D 1 cm
Cavity Cross-Sectional Area A 1 cm?
Effective Reflectivity R 99 %
Cavity Quality Factor Q - |6x10¢
Relative Energy Spread év./(y — 1) | 0.2 %
| Relative Wavelengt.i Spread 53/} [ 0.3 %
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Table 2: Design parameters for a grating FEL Oscillator operating at 10 um using a

1/2 MV electron beam.

' Wavelength A i 10 pm |
- Voltage V - 1/2 MV |
- Current I ' 400 mA .
' Qutput Power 186 L
Gain/Pass G 47 %4‘
- Extraction Efficiency 7 - 0.093 % |
| Interaction Length L, 4 cm |
| Guide Magnetic Field By 10 T
' Beam Thickness o, = 2X, . 10 pm |
- Beam-Grating Gap § 0 pm
. Grating Period d 9 pm
- Groove Width s 4.5 pm
- Groove Depth b 4.5 pm
| Grating-Mirror Separation D 1 mm |
' Cavity Cross-Sectional Area A 1 em? ||
. Effective Reflectivity R 99 % |
. Cavity Quality Factor Q 6 x 10* :
' Relative Energy Spread év,/(y —1) 0.03 %
. Relative Wavelength Spread éA/A  0.02 % |

25



Table 3: Design parameters for a grating FEL Oscillator operating at 10 um usinga 5

MYV electron beam.

| Wavelength A | 10 pum

| Voltage V 5 MV

. Current I ' 100 mA

' Output Power 3 kW
Gain/Pass G 81 %

- Extraction Efficiency 75 | 0.61 %

| Interaction Length L, 16 cm

' Guide Magnetic Field By 1 T |

| Beam Thickness o, = 2X, | 50 pm |

. Beam-Grating Gap § 0 um

. Grating Period d 110 um
Groove Width s 5 pm |

I Groove Depth b 5 pm |

| Grating-Mirror Separation D 1 mm |

| Cavity Cross-Sectional Area A 1 cm?

- Effective Reflectivity R : 99.5 % |

| Cavity Quality Factor Q 11.3 x 10° |

| Relative Energy Spread §v,/(y —1) | 0.5 % |

' Relative Wavelength Spread §A/A | 6.2 x 103 %
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Figure 3: Extraction efficiency, 7, versus amplitude of fundamental spatial harmonic,
Eo, for A = 100 um radiation using a 100 kV beam. Beam axis is 25 pm above
grating surface. (a) Infinitely-thin beam. (b) Finite-thickness beam with

laminar flow (X, = 25um). (c) Finite-thickness beam with full transverse

motion (X, = 25 um).
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Figure 4: Extraction efficiency, n, versus amplitude of fundamental spatial harmonic,

Eo, for A = 10 um radiation using a 1/2 MV beam. Beam axis is 5 um
above grating surface. (a) Infinitely-thin beam. (b) Finite-thickness beam

with laminar flow (X, = 5um). (c) Finite-thickness beam with full transverse

motion (X = S5um).
(b ”) 30




